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TECENICAL NOTE NO. 1174

THE APPLICATION OF HIGH-TEMPERATURE STRAIN GAGES
TO THE MEASUREMENT OF VIBRATORY STRESSES
IN GAS-TURBINE BUCKETS

By R. H. Kemp, W. C. Morgan, and S. S. Manson

SUMMARY

The feasibility of measuring the vibration in the buckets of a
gas turbilne under service conditlons of speed and temperature was

determined by use of a high-tempsrature wire straln gage cementéd

to a modified turbosuperchargsr turbine bucket. A high~-temperature
wire strain gage and the auxiliary mechanicsl and electrical eguip-
ment developed for the investigation are described.

INTRCDUCTION

Although vibrational fatligue affects the service life of the
buckets of high-temperature gas turbines, little precise data are
availsble on the magnitude of the vibration in the buckets during
operation and on the factors that affect it. Thils deficiency
exists because no satisfactory method of measuring the vibration
under operating conditions has been available. A program including
the measurement of the vibratory stresses in gas-turbine buckets
during powsr operation of the turbine is therefore in progress at
the NACA Cleveland laboratory.

A strain gage consisting of fine high-reslstance wire wound on
a suitable form and cemented to the surface of a test member offers
considerable promise as an instrument for the measurement of wvibra-
tory stresses in turbine buckets. The change in the resistance of
the wire serves as a measurs of the strain at the polnt of appllca-
tion of the strain gage. Strain gages have been used extenslvely
in reciprocating-engine and structural research for the determina-
tlon of both stetic and dynamic strains. The strain gages developed
for these comparatively moderate temperature applications are not,
however, sulteble for use on the buckets of a gas turbine in which
temperdtures above 1200° F are to be expected. It was therefore
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congldered necessary to develop a high-temperature strain gage capable
of withstanding operating temperatures as the firet part of the procgrem’
to Investigate vibration phencmensa in turbine buckets., Although develop-
wment of the high-temperabture straln gage is being continusd, the straln
gege now avallable 1s satisfectory for application to preliminary tests
on turbosupercharger turblne buckets.

Preliminary results cbtained from a medified bturbosupercharger
during operation under oonditlons of actual service are nregented
together with a description of the strain gags, the sllp rings, and
the electrical circults,

INSTRUMENTATTON

The instrumentatlon conslsted of & high-temperature strain goge
used as one grm of a Wheatstona bridge, vibration measuring aznd
recording instruments, and elip rings for transmitting currsnt from
the strain gage to the instruments. _

~

High~Temperaturs Strain Gags

The straln gages used in the tests conmeisted of 0.00l-inch
Nichrome V wirs wound on a form of woven glass tepe. In ome test the
strain gages wers cemented to the turbins buckets with Sauerecisen
No. 78 cement. Sauereisen No. 1l cement was used in e similar test.
The performance of strain gages le measured in torms of the ratio of
the change of resistance to the change in lepngth and thie ratlo ia
called the. gtrain-gage ssnsitivity factor. A typical curve of the
ratlo of the strain-gage senaitivity factor at elevated temperatures
kp to the factor at room temperature kp as a function of tonpera-~
ture is shown in figure 1 for a strain gage cemented with Sauereiscn
No. 78 cement. A number of strain gages constructed without a wirnding
form were .also tested. Those gages proved to have a superior strain-
scnsitivity characteristic at elevated temperatures dbut were difficult
to make in gege lengths loss than one-fourth inch. This type of strain

gage was not used thercfore in the turbosupsercharger tests where
" physical conaiderations limited the gage length to onms-eighth inch.
A more detalled discussion of the Btrain-gage charactoristics is given
in appendix A,
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Slip Rings -

Trensmission of the strain-gage current was accomplished by
means of g slip-ring unit of the cylindrical type. All the rings
were of the same diameter and contact was made through brushes
mounted at an angle to the radll and in the plane of the slip ring
to avold the chatlering effect sometimes encountered in applications
in which the brushee are mounted in line with the radii. The :
materials used were monel metal for the slip rings and sillver
graphite for the brushes. Contact bestween the rotating rings and
the statlonary brushes was free of slgnificant changes in electrical
reslistance at the high gpeeds of turbine operation.

Strain-Gage Circuit

Although the resistance characteristics of the slip-ring unit
were very satlsfactory, small changes in reslstance were expected
acrogs the rings and brushes at high speeds of operation. Fig-
ure 2 shows the strain-gage circult devised to conform to the
results of an analysis (anpendix B) of the significant factors in
nminimizing the effects of slip-ring resistance fluctuations.

Although only the high-temperature 'strain gage must necessarily
be on the rotating member, the other three arms of the Wheatgtone-
bridge cilrcuit should alsoc be mounted on the rotating part to avoid
slip-ring effects as much as possible. In these tests the three _ _
balancing arms of the bridge were strain gages mounted on the
rotating part of the slip-ring assembly. A high resistance was
placed in series with the direct-current power supply to the bridge
to reduce still further the slip-ring effects. A direct-current
supply of 240 volts was used with sufficient external resistance to
drop the voltage across the strain-gage brldge to 18 volts.

Measuring Equipment o T

A cathode-ray oscilloscope 1In conJjunction with a drum camera was
used to observe and record the amplitude and wave form of the bucket
vibration., The amplitude of the oscillogrems was also determined
by an rms vacuum-tube voltmeter. The sensitivity of the recording
equipment was of the order of 1.30 millivolts per inch. The fre-
quencies of the bucket vibratlions were determined by comparison with
a signal from a variable-frequency generator. A straln gage mounted
on a stesl cantlilever flexed at 50 cycles per second provided a
gignal of known amplitude and frequency for calibration purposes.
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TEST EQUIPMENT AND PROCEDURE
Turbine Modifications

The turbine wheel used for the investigation of vibration in
turbine buckets was sslected because it provided a means of
checking the adequacy of the high-temperature strain gages and the
accompanying instrumentation. In turbine wheels of the type used
in the test unit the buckets are stiff and ere supported at the
outer ends by a segmented shroud ring. This construction is
reslstant to vidbration. Excitatlion of the buckets by the inter-
mittent gas loading i1s small because of the large number of nozzles
and buckets in the unit. Ae a result, under normal conditions of
operation no perceptible vibration of the buckets was expected. The
stability of strain conditions during thils normal operation would
serve to check the instrumentation for the influence of any external
effects not directly related to vibration, such as slip~ring resist-
ance changes, interference from aelectronioc equipment used in amplii-
fying and recording, and interference from other electric devices
installed near the test equipment. By means of modifications to the
buckets and to the nozzle ring, however, severe conditions of vibra-
tion could be induced and the performance of the sbtrain gages and
auxillary instruments under thls type of operation could be observed.

Figure 3(a) shows one of the test buckets modified by reducing-
the cross-sectional area near the root. Thia change lowered the
first-mode natural frequency of the bucket to approximately 1000 cycles
per mecond, thus bringing it within the excltation range of the test
conditions, BStraln gages were mounted at the weakened sections on
the concave sldes of the buckets. Figure 3(b) shows the irnstallation
in which the buckets immediately adjacent tuv the test bucktet were
removed to eliminate the support of the shrouding. The tases of these
ad Jacent buckets were lnserted in the whesl to prevent distortion in
the retaining slote of the test buckets. The lead wirces from the
straln gage were insulated from the wheel and cemented to the wheel
with the sane tywe of cement used in mounting the strain gage. The
wiree were then led into a hub on the wheel and through a hollow ghaft
to the slip rings. The modification made to the nozzle box is shown
in figure 3(c). Four plates, each covering 45% af the nozzle-box
opening, wore welded to the box at equally spaced intervals. Because
of-the partial admisslon of the gases caueed by this modification, &
large fluctuation of gas-pressure loading on the turbine buckets
wae produced during opsration.



NACA TN No. 1174 S

Test Installation

A photograph of the test installation is presented in flgure 4.
The principal components were & Jjet burner to supply hot geses under
pressure, an aircraft-engine turbosupercharger, and equipment required
to loed the turbine, The jet burner supplied the turbine with gases
at a nozzle-box inlet btemperature of 1500° F. After passing through
the turbine, the gases were discharged into an exhaust system main-
tained at low pressure.

Teéts

Tegts were made on a standard turbine and on one that had been
modified as previocusly deacribed. In the tests made on the modified
turbine wheel, gages cemented with both Sauereisen No. 1 and No. 78
wore used. The test procedures were similar; the turbines were
operated at full load over speeds ranging from 5000 to 20,000 rpm
and all vibration phenomens were observed and recorded.

RESULTS AND DISCUSSION

The test on the standard turbine wheel was intended as a
check to verify the premise that a.strain-gage signel would be
obtained only as the result of actual vibratory stress 1n the bucket
and not of elip-ring effects or of extraneous interference. Because
no significant signal was obtained in the range of speeds from 5000
to 20,000 rpm, it was concluded that the instrumentation was satis-
factory for tests of vibratory stress.

Modifications to the test turbine wheels were especially
conducive to the imtroduction of vibratory-stress condltions in the
buckets. An idealized pressure dlagram across the test bucket would
be represented by a square wave. During the period when the bucket
is passing the uncovered nozzles, the pressure is sensibly uniform
and relatively high; whereas, during the perlod when the bucket 1s
passing the covered nozzles, the pressure reduces to nearly zero.

I the frequency of pressure fluctuation or any harmonlc thereof
coincides with the natural frequency of the bucket, the bucket would
be exclted into resonant vibration. A Fourler analysis of the pres-
sure diagram indicates that at any resonance the matural frequency
of the bucket would be an integral multiple of the turbine rotetional
frequency.
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The results presented were obtained with strain gages cemented v
with Savereisen No. 78 cement. The test mads with Sanereisen Wo. 1. o o
cement as the gage-bonding material yieldsd guantivatively similar
repuite. Figure 5 shows the apsctrum of fraquencies ror which
resonences were cobaerved on the modified bucket. The points & to E
indicave the turbine speeds at which the rescnances ocourred asnd the
natural fregquency of the bucket at each of the rescnant specds. The
curve through the polnts A to E thersfore represents the variation
in natural frequency of the bucket with “‘urbine speed. The fact that
centrifugal force raisee the matural frequency of tke bucket is
evident from the upward slope of the line. The dashed lines in fig-
ure 5 show the various harmonic orders of the turbine speed. For
exanmple, the ordinate of each point on the lins of fourth harmonic
order represents a frequency foir-times the turblno rotational fre-
guency. It would be expected, therefora, that each of the observed
resonances A to E should be on one of the integral harmonic-order
lines, as is sesn to be the case. : - S =

The measuled total range of strees al ecch resgonance 1¢ tabu-
lated in figure 5. In ordsr ta.calculsate tho stresges it was
necessary to know the strain-gaze sensitivity factor at the temper-
ature of the bucket and thila factor was determined from figure 1
after a determination of the sensitiviiy factor of the straln gage
at room temperature was made. ke room-temperature sensitivity
factor was measured by observing the oubput of the strain gage when
a known welght was suspended from the end ¢f the bucket and com-
paring the value with the calculated stress et the strain-gage posi-
tion. The room-temperature strain-gage sensitivity factor was thua
found to be 1.75. The stresses in the vibrating bucket at elevated
temperatures were calculated by assuming g bucket temperature of
1200° F inasmich aa & nozzle-box inlet temperature of 1500° F was
maintained throughout the tests. The values for the strain-gage
sensitivity Pactor and the modulus of elagticity of the bucket used
to calculate the etresses were therefors chosen for 1200° F. If a
bucket temperasture of 1100° F had actually existod, the errors in
the computed streasses would be of the order of 2 percent, whereas had
a temperature of 1300° F actually existed the error would be of the
order of 10 percent.

The exact peak stress at each resonance was immeasurable bocause
the rosonsnce was very critical with respect to spoed and tho speed
contruls available were ineufficlently sensitive to oblaln exact
resonance . Furthermore, the vibration was sp severe at the fourth- -
order roscnance as to render 1t inadvisable to perwit the emplitude
to build up to a maximum. The bucket ruptured during the last run, .
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Just after the near~-resonance stress (40,200 lb/sq in.) shown in
figure 5 was observed. It may be noted, however, that the strain
gage was stlll In good condition after the bucket ruptured; the
rupture was located immedlately above the gage position. In all
cagee the vibratory straln signel was clear and free of foreign

interference such ag glip-ring effects.

SUMMARY OF RESULTIS

The satisfactory detsction end determination of vibratory
stresses on a test setup at actusl specimen temperatures up to 1500° F
has been accomplished by means of a high-tempersture wire strain gage.
The straln gage was also applied satisfactorily on gas-turbine buckets
operating at spesds encountersd in actval service and at a nozzle-box
inlet temperature of 1500° F. The strain signals fromw the strain
gages cemented to the buckets were transmitted free of any inter-
ference to the measuring instruments through sllp rings.

Alrcraft Engine Reasearch Laboratory,
National Advisory Committee for Aeronautics,

Cleveland, Ohio, February l4, 1947,
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AFPENDIX A
CONSTRUCTION AND CALIBRATION OF HIGH~TEMPERATURE STRAIN GAGE
Construction

Materials. - The objective in the development—of the high-
temperature strain gage was to determine e suitable wire, wire form,
and cement that would permit the measuremcnt of vibratory stresses
in gas-turbine buckets subjlected to gas temporatures in the neigh-
borhood of 1500° F. A large number of combinations of wires and
cements was tested; of these, Nichrome V wire wound on a woven
glasg-tape form and cemented with either Saunersisen No. 1 or
Savereisen No. 78 cement provcd to be the most eatiefactory comwbina~
tions to date.

Method of constructlon. - The strain-seneltive filament is pre-
pared by reasistance-welding lead wires to the snds of a 120~chm length
of 0.00L-inch-diameter Nichrome V wire. Depending upon the specific
requirementsg, either 0.0l0-inch-diameter Nichroms V wire or 0.010-inch-
diameter nickel wire lz used for the lead wires. The Nichrome V lead
wire is proferable becauss of 1ts superior high-temperature charac-
toristica but when long leads are reguired the lower resistance nickel
wire 1s used. When gage lengths of one-fourth inch or greater can be
uscd, tho looms of the strain-sensitive wire are held in place by
gtrands of halr or wire and the gage ls cemented to the test spucimen,
a multiple-~loop wirding thus being formed. Because the gage length
depends upon the number of—loops, fabrication of & straln gage with
a gege length emaller than one-fourth Inch becomes difficult. Gages
emaller than one-fourth inch in length ars thorefore fabricated by
winding the strein-sensitive wire upon an insulating form propared
from glaps-fiber tape imprognated with the Sauerelson cement and
baked et 225° F for 1/2 hour. A strip of the prepered tapo 0.125 inch
wide and aporoximately 1.5 inches long 1a sanded smooth and clawped
with ellight longitudinal teonsion between the jaws of a device that
"permits the strip to be rotated. The lead wires aro then fastened
to the strip as shown in figure 6. The end of the lesd to which the
resistance wire is fastencd is hold in the correct position while
the lesd wire is turncd twice around the insulating strip. The
resistanco wire is pulled into a V-shape by a hoock on the end of a
piece of wire, as shown in figure 6. The Ineilating strip 1s thon
rotatod and tho wire auntomaticelly spacos iteclf as it 1s wound. TUpon
completion of the winding opcration, tho loop in tho roeistance wire
is fixed in place by a wire threadod through the loop and pulled into
a notch at the edge of the taps. The upper face of the strain gage
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is covered with a thin coat of Sausreisen cement and i1s baked at
225° F for 1 hour., After removal of the excess portions of the insu-
lating form, the strain gage 1is ready for the mounting procedure.
Strain gages of l/8-inch gage length were used for the turbine-
bucket tests but other sizes can be constructed by the same method.

Mounting. - The metal surface to which the strain gage is to
be attached is,prepared by sanding with a fine grit paper, cleaning
with ethyl alcohol, and slso using the Sauereisen cement as a cleaner.
A thin, smooth coat of cemwent 1s then brushed on to the metal surface
and baked at 250° F for 16 hours. When mounting the form-wound type
of strain gage a second thin coat 1s applied, the strain gage is
placed in position, and a small amount of cement is brushed over
the strain gage. The strain gage is then tightly clamped using a
clamping pad of l/4-inch felt covered with a sheet of neoprens.
After air drying has proceeded for avproximetely 1 hour, the clemp
is removed and the mount is baked at 250° F for 16 hours. Fixing
the lead wires in position by methods such as cementing or wiring
completes the strain-gege installation. The foregoing cycles of
temperatures and baking times have been found satisfactory for
application of the strain gage either with the Sausreisen No. 1
or No. 78 cement; however, the cycles are not critical and other
combinations ars possible. For application with the No. 1 cement '
it is recommended that the mounted strain gege be baked at 1400° F
for 15 minutes for reasons that are subsequently discussed.

Callibration

A dynamic calibration was made to determine the effect of temper-
ature upon the strain sensitivity of the high-temperaturs strain gage.
The test straln gages were mounted on a cantilever bar of Inconel
that was flexed to a constant tip amplitude at a frequency of
20 cycles ver second. The section of the bar upon which the strain
gages were mounted was enclosed by a furnace with sultable tempera-
ture control to permit variation of the temperaturs of the bar in
the region of the strain gages from room temperature to 1500° ¥, A
small steel beam with an attached bakelite-impregnated strain gage
transferred the flexing force from the cam to the Inconel bar, The
bakelite-impregnated strain gage, remaining at a relatively low tem~
perature and at constant strain sensitivity, provided a measurs of
the flexing force applied to the end of the teat bar and therefore
of the stress in the outer fiber of the bar st the location of the
test strain gage. Filgure 7 illustrates the teet setup and the
electrical strain-gage circuit. e
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When the cilrcuit is completed by the high-temperature strain

Zage,

the voltege appearing across the voltmeter as the test bar 1s

flexed by the cam is proportional to the praduct of the strain-gage
gensitivity factor and of the strain. The strain 1s equal to stress
divided by the elastic modulus, whereas the stress is proportional
to the voltmeter reading when the circuit 1g completed by the
bakelite=-impregnated strain gage. The following equation can thexre-
fore be written . ' '

or

where

Obi'.‘sd
1=

VAT kT Yé!.?g (1)
Véo kb Voo Ep
kp_ Var Tvo Ep (2)
%~ Vao Vr Eo

gensitivity factor of high-temperature strain gage at tempera-
ture T

sensltlvity factor of high-temperature strain gage at room
temperature

voltmeter reading when circuit is completed by high-temperature
gtrain gage at temperature T

voltmeter reading when circuit ls compleﬁed by high-temnerature
gtrain gage at room temperature

voltweter reading when c¢ircuit is completed by force-measuring
atrain gage while high-temperaturs Btrain gage 1is at temper-
sture T

voltmeter reading when circult is corpleted by force-measuring
atrain gage whille high-temnerature strain gage 1s at roow
tewmporature

ratio of elagtic modulus at elevated temperature to elastic
modulus at room temperature (The churve for Inconel, as
obtained from reference 1, is shown in fig. 8.)

Equations (1) and (2) are strictly correct only if the--direct

current reslstance of the hilgh-tempsrature strain gage remains
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constent as the temperature is varied. Actually the resistance
increases as the temperature is increased and a elight error occurs
if equation (2) is used to determine kp/ky. The error is in the
order of less than 1 percent for strain-gage resistance variations
as high as 25 percent; therefore, equation (2) may be considered
sufficiently accurate for practical purposes. In this analysis
the dropping resistor R3 has been considered equal to the strain

gege Rbo'

Properties

The life of the strain gages at elevated temperatures was
found to be dependent upon the manner in which the strain gages were
connected into the electrical circuit. As an examwple, several
filament~type strain gages were operated at 15Q00° F for 15 hours
with satisfactory quantitative results, but when a minor change
wae made in the electrical circuit, the strain gages failed within
& few minutes. Mlcroscopic examination of the strain gages after
failure showed severe corrosion of the strain-sensitive wire.

Flgure 9 shows variations of the common potentiometer circuit

that were tested to determine the critical factor in the corrosion
process. When the circults of figures 9(a) and 9(b) were used, no
failure resulted and there was no detectable corrosion; when the
circuits of figure 9(c) were tested, the strain geges falled at
approximately 1200° F. Inspection of the circuits shows that the
failures occurred when the average potential of the strain-sensitive
filewment was negative with respect to the test speclmen (ground)
but did not occur when the average pobtential was positive with
respect to the test specimen. Operation without circuit grounding
(fig. 9(b)) was succeesful regardless of the batiery polarity.

The corrosion may be explained by comparing it to an electro-
lytic effevct in which the strain-sensitive filament and the test
specimen act as the elesetrodes whereas the Sauereissen cement acts
as the electrolyte gt the elevated temporatures. The equivalent
circuit is illustrated in figure 10, which shows both the correct
method of connecting the circuit (fig. 10(a)) and the incorrect
method (fig. 10(b)). Wheatstone-bridge circuits, common in
gtrain-gage circuits involving the use of slip rings, must like-
wise be so arranged that the average pobtential of the strain gags
is positive with respect to the test surfaoce. i

The variation of the resiatance with temperature of the high-
température straln gages fabricated with Nichrowe V wire is shown |
in figure 11l. It is ncted that during the first half of cycle 1 an
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increase In the resistance of aprroximately 17 percent 1s obtained.
Uwon completion of cyole 1 {return to room temperaturs) the resaist-
anca was found to return to a value approximately 12 percent higher
than the original. In subsequent heating and cooling cycles the
trend of the second half of cycle 1 is retained as shown in fig=-—
ure 11 by cycle 2.

The strain sensitivities of the etrain gages at elevated tem-
peratures were plotted as the ratio of the sensitivity factor at the
elevated temperature to the sensitivity factor at room temperature.
This method provides a means of comparing the strain sensitivitiles
at elevated temreratures of verious strain gages that have different
room~-temperature strain sensitivities. The strain-sensitivity factors
at room temperature of the form-wbiund dirain gages tested were 1.75
+10 percent. If the gage factor in a specific application cannot be
measured, a value of 1.75 is recommsnded for a form-wound gege. The
effect of temperature upon the strain-sensitivity factor of a typilcal
Nichrome V filament-type strain gage (without winding form) cemented
with Sauvereisen No. 1 18 shown in figure 12. A relatively constant
sensitivity factor was obtained up to 1500° P and subsegquent tempera-
ture cycling had no effect upon the uniformity of the sensitivity
factor. At room temperature, the average sensitivity factor was
2.05 with a varlation from gage to gage of approxlmately 45 percent.
Gages cemented with Saverelsen No. 78 cement gave quantitatively
similar results,

The variation of the ratio of strain-sensitivity factors kT/kb
with temperature for strain gages cemented with Sauereisen No. 78
cement is shown in figure 13. Two complete heating and cooling cycles
are shown with a temperature range from room temperature to 1500° F,

The sensitivity factor is sensibly stable and reproducible throughout
the hoating and cooling cycles. The wave form of the strain-gage signal
during testing was equally as good at 1500° F as it was at room tempera-
ture.

The variation of kp/kg with temperature for form-wound strain
gages cemented with Sawereisen No. 1 is shown in figure 14. A sharp
rise occurs during the first increase 1n temperabure at approximately
13000 F but when cooled this rise dlsappears. For this reason, 1t
is recommended that the specimens upon which strain gages are cemented
with Sauvereisen No. 1 be preheated to approximately 14000 F for a short
time before actusl testing. The variation of the strain sensitivitles
during subsequent heating and cooling cycles will be substantially the
same.
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The reproducibility of kp/ky from strain gage to strain gage
of the form-wound type is such that accurate quantitative data can
be obtained up tc 1200° F. From 1200° to 1500° F variations occur
and vibratory stress data obtained with such gages should be treated
‘qualitatively, Inherent physical characterlstice of the woven-glass
form on which the resistance wire is wound causes the decrease of
gensitivity factor with incresase of temperature above 1200° F. The
measurement of the frequency of the vibratlon is accurate up to
1500° F., It is recommended that whenever possible, a strain gage

without winding form be used because accurate quantitative data can
be obtained with this type up to 1500° F o

The cholce between Sauereisen No. 1 and Sauersisen No. 78 cement
depends upon the particular application. Saunereisen No. 78 cement
has better cement-to-metal adhesive quelities than No, 1, but the
No. 1 has better cement-to-cerent adhesion than the No. 78. The
No. 78 is also more hygroscopic and, I1f there is any wolsture near
the test ingtallation, its uee shounld bs avoided. The addition of
Sauereisen No. 15 thinner to the No, 78 cement has a detrimental
effect upon the strain-gage sensitivity factor at elevated tempera-.
tures. The No. 78 cement is therefore more difficult to apply and
good reproducible strain-gage mounts are likewise more difficult to
obtain. In most applications the use of No. 1 cement is recommended.
In the tests where No. 78 cement was used, it was found desirable to
direct the heat of an infrared lamp on the sbtrain-gags installation
during the nonrunning periods. Satisfactory adhesion of the Sauerelsen
No. 1 and No. 78 cements has been obtained on such high~tempsrature
alloys as 17W, Timken, Vitallium, and Inconel.
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APPENDIX B

SLIP-RING EFFECTS

Because of the need for conducting currents end voltages between
the stationary equipment and the rotating strain gage, sllp rings axe S e
necessarily a part of strain-gage circultse. The interference
effects of slip rings on strain-gage signals at high speeds of rota-
tion can be minimized by reducing the resistance fluctusations
between the slip rings and brushes themselves and by arranging the
electrical circuit to be as insensitive as possible to the resistance
fluctuations that do occur. ZExperience hasg indicated that the com-
bination of monel-metal slip rings and sgilver-graphite brushes would v
serve satisfactorily for the present problem.

One method now in common use for minimizing the effect of slip-
ring registance variation is the mounting af the entire strain-
measuring Wheatstone bridge on the rotating membsr. In the present
application, three similar strain gages were cemented to the end
face of the oylinder formed by the slip rings and slip-ring insulators.
Because there was no vibratory strein in this cylindsr the strain
%?geszgg?%d be used as the fixed resistors Rp, Rz, and Rg. (See

gl {

I'\._

The use of & ballast resistor R (fig. 2(b)) in series with
the power supply also serves to reduce the effect of variation in
resistance betwsen slip rings and brushes. The resistance varlations
then become a small percentage of the total resistance in the power-
supply circuit and the voltage Epg &croes the bridge remains more
nearly constant than it would if the ballastresistor R were
omitted. A quantitative analysils to show the effect of the ballast

reslegtor 1ls as follows:

The output voltege Egy of tho bridge can be shown to be .

__ Ey(R4Rp - RiRz)
Bpp = (Ry + R2)(Rs + By) + R(Ry + By +Rz + Ry4) (3)
The output voltage of the bridge Epp 1s thersfore dependent upon
the two variables Ry and R. The fluctuation in Egp ceused by
the variable R; 1s the desired strain-gege signal, whereas the
fluctuation in Epp caused by the veriable R is the undegired
slip-ring effect. If dR 1s the change in. R, the fluctuation .
dfpy caused by dR can be written
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iEBD=—S-gEGR='EBD%§ (4)

where »

(Rl + Rz)(R3 + Ré)
Rl + Rz + Rs + 34

(5)

R" =R+

From equations (4) and (5), 1t is evident that dEpp as caused by

dR ocan be reduced by decreasing Epp and dR and by increasing R'.
If the bridge is in near balancs under the operating conditions, then
Egp will be close to zero. The bridge can be operated very close to
the balance point by selecting Rz equal to the resisbance of the
strain gege Ry at the operating temperature and selecting Rz = R4.
Because Rp is usually mounted in a cool reglon, whersas R; oper=-
ates at a high temperature that causes its resistance to increase, Rp
should theoretically have a higher resistance at room temperature than
Ry. For practical purposes it is sufficlent to select Ry = Rz = Ry
at room temperature. The variation in slip-ring-brush resistance dR
depends entirely upon the design of the brush and slip-ring combination.
For the purpose of these testas the monel-metal sllp ring and the silver-
granhite brushes (two parallel brushes per ring) were found to be satis-
factory.

The grsater the resistence of the ballast resigtor R, the less
willl be the effect of the resistance fluctvation dR. The limitation
to the indefinite Increase of R 1les in the fact that, for sensi-
tivity of the bridge to strain In the straln gage, the voltags acrosse
the bridge E,; must be maintained constant. An Increase In R must

therefore be accompanied by a corresponding increase in the power-
supply voltage E;. In the present tests 240 volts were avallable.
Because only 18 volts were necessary for sdequate sensitivity of the
bridge, 222 volts wers available for the ballast resistor. An offec-
tive ballast resistance of 1500 ohms was used to obtain this voltage
distribution. This resistance reduced the fluctuations in output
voltage that resulted from slip-ring resistance fluctuations to about
15 percent of the value for the case of zero ballast resistance.
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Fig. 2 ‘ NACA TN No. 1174
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Flgure 2.- Instrumentation and circuits used in the investigation .
of vibratory stresses in turbine buckets.
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Figure 3. - Modifications made to turbine bucket,
nozzle box.
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Fig. 6 ' NACA TN No. 1174
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Figure 6.- Construction of high-temperature strain gage.
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NACA TN No. 1174 Fig. 7
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Pigure 7.~ Calibration setup and electrical circult used in
determining the sensitivity of the high-temperature strain

gage.
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Figure 9. - Schematlic dlagrams of eight stralin-gage potentiometer
circults tested to determine the effect of battery polarity.



Fig. 10 NACA TN No. I-174
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(b) Average strain-gage potentlal below ground.
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Figure 10. - Polarity effect of high-temperature strain gage.
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